Abstract. Paeonol, a major phenolic component of the root bark of Paeonia moutan, is known to exhibit antitumor effects. However, the underlying mechanisms remain unknown. In the present study, the effects of paeonol on cell viability, intracellular calcium concentration and the expression of runt-related transcription factor 3 (RUNX3) were analyzed in LoVo human colon cancer cells. Results revealed that paeonol markedly reduced LoVo cell viability in a time-and dose-dependent manner. Flow cytometry assays demonstrated that paeonol blocked the cell cycle at the G 1 to S transition and significantly induced apoptosis in LoVo cells. Intracellular calcium accumulation occurred following a 48 h treatment with paeonol. Furthermore, RUNX3 gene expression was increased in paeonol-treated cells. These observations indicate that paeonol possesses antiproliferative properties and apoptosis-inducing activity. One of the antitumor mechanisms of paeonol may be its apoptosis-inducing activity through an increased intracellular calcium concentration and the upregulation of RUNX3 expression. Paeonol may be a promising antitumor agent for colon carcinoma treatment.
Introduction
Cancer is the second leading cause of death in industrialized countries. Colorectal cancer, a malignant tumor of the digestive system, is the second most common cause of cancer-related mortalities (1) . Surgical resection remains the main curative treatment. However, with high rates of adjacent tissue invasion, metastasis and recurrence, attempts to improve the outcomes of this disease have incorporated the use of adjuvant chemotherapy. Cisplatin, cyclophosphamide and 5-fluorouracil are chemotherapeutical drugs utilized in cancer treatment. However, the development of drug resistance and severe side effects of standard anticancer drugs necessitates the identification of novel treatment strategies for this disease. Therefore, the development of more effective and low-toxicity chemotherapeutic agents is urgently required.
Paeonol (2-hydroxy-4-methoxyacetophenone), a major active extract from the root bark of Paeonia suffruticosa Andrews (2) , possesses a number of biological activities, including anti-inflammatory (3, 4) , antioxidant (5), anti-angiogenic (6), anti-allergic (7) and anti-oxidation (8) . Previous studies have revealed that paeonol exhibits antiproliferative effects and apoptosis-inducing activities in various tumor cell lines in vitro and in vivo (9) (10) (11) (12) (13) . Our previous study demonstrated that paeonol exhibited antineoplastic activity by promoting apoptosis in the human colorectal carcinoma cell line, HT-29 (14) . However, the underlying mechanisms remain unknown. Therefore, in the present study, the effects of paeonol on cell viability, intracellular calcium concentration and the expression of runt-related transcription factor 3 (RUNX3) were investigated in LoVo human colorectal cancer cells and the antitumor mechanisms of paeonol were analyzed.
Materials and methods

Materials.
Human colon cancer cell line, LoVo, was obtained from the Cell Collection Center of Chinese Academy of Sciences (Shanghai, China). Paeonol was purchased from Natura Pharmaceutical Co., Ltd. (Zhejiang, China). RPMI-1640 medium, fetal bovine serum (FBS), penicillin-streptomycin, pancreatin and glutamine were purchased from Hangzhou Sijiqing Biological Engineering Materials Co., Ltd. (Zhejiang, China). TRIzol total extraction kit was purchased from Invitrogen Life Technologies (Carlsbad, CA, USA) and the Annexin V-FITC/PI Apoptosis kit was purchased from Roche Ltd. (Shanghai, China). Fluo-3/AM was obtained from Beyotime Institute of Biotechnology (Suzhou, China), diluted to a suitable concentration using DMSO, then separately loaded and stored in the dark. All other chemicals were of reagent grade and obtained from commercial sources. The study was approved by the ethics committee of Renmin Hospital of Wuhan University, Wuhan, China.
Cell culture. Cells were incubated in RPMI-1640 medium supplemented with 10% FBS, 2 mM L-glutamine and 1% penicillin-streptomycin at 37˚C in the presence of 5% CO 2 ; transfer of culture was performed once every 3-4 days. When the cells reached logarithmic growth, 0.25% pancreatin was used to treat the cells for 2 min. The digested cells were resuspended using RPMI-1640 medium containing 10% FBS and counted, and the concentration of cells was adjusted to 1x10 4 cells/ml.
Cell proliferation assay.
To evaluate the effect of paeonol on the proliferation and viability of LoVo cells, cells were seeded at a density of 5x10 3 cells/well containing 100 µl culture medium in 96-well plates. Following 24 h cultivation, the medium was replaced with fresh medium supplemented with various concentrations of paeonol and further cultivated for the indicated periods. Paeonol was added to the culture medium at a final concentration of 15.63-250 mg/l. The control culture received only the culture medium. Following further incubation, 10 µl WST-8 reagent was added to each well of a 96-well plate, followed by incubation for 3 h at 37˚C. The number of viable cells was determined using the absorbance at 450 nm. The wells without paeonol and the free cells (culture medium alone) were used as blanks. Data are expressed as percentages of the controls.
Cell cycle analysis. Cell cycle status was determined by measuring cellular DNA content following staining with propidium iodide using flow cytometry. After treatment, the LoVo cells were centrifuged, washed twice with ice-cold phosphate-buffered saline (PBS) and fixed in 70% ethanol at 4˚C for 24 h. Cells were then centrifuged at 1,200 x g for 5 min and the supernatant was discarded. Pellets were washed twice with 4 ml PBS and stained with 0.5 ml RNase A (2 mg/ml) and 0.5 ml propidium iodide (0.1% in 0.6% Triton-X in PBS) for 30 min in the dark. The samples were then analyzed on a FACSCalibur flow cytometer (Beckman Coulter, Inc., Fullerton, CA, USA).
Cell apoptosis assay. To quantify apoptosis, cells were stained with Annexin V and PI using the Annexin V-FITC/PI Apoptosis kit according to the manufacturer's instructions. Briefly, the cells were washed twice with cold PBS following treatment and resuspended in 195 µl Annexin V-FITC binding buffer. Annexin V-FITC (5 µl) was added and mixed gently and the cells were incubated for 15 min at room temperature in the dark. The cells were then centrifuged at 1,000 x g for 5 min and gently resuspended in 190 µl Annexin V-FITC binding buffer. Following this, 10 µl propidium iodide staining solution was added and gently mixed. The cells were kept on ice in the dark and immediately subjected to flow cytometry. FCM Cell Quest software was used to analyze the data.
Intracellular Ca
2+ assay. After 48 h, LoVo cells treated with or without paeonol were removed from the incubator. Culture solution in the 35-mm dishes was removed, the cells were rinsed 3 times with HEPES and 4 µg/ml Fluo-3/AM (Beyotime Institute of Biotechnology) was added (200 µl/dish). Next, the cells were incubated at 37˚C for 60 min, followed by 3 washes with HEPES to discard the remaining extracellular probe and 200 µl HEPES culture medium was used to cover all cells in the troughs. Laser scanning confocal microscopy (LSCM) was performed to observe the fluorescence intensity (FI) of the cells, using an excitation wavelength of 488 nm and emission wavelength of 555±15 nm.
RNA preparation and reverse transcription polymerase chain reaction (RT-PCR).
Total RNA was isolated using TRIzol reagent and 1 µg RNA was used as a template for the synthesis of cDNA using the RevertAid First Strand cDNA Synthesis kit (Fermentas, Waltham, MA, USA) according to the manufacturer's instructions. PCR analysis was performed in a final volume of 25 µl using PCR Master Mix (Fermentas). Primer sequences were designed using Primer Premier 3 (Applied Biosystems, Carlsbad, CA, USA) and were as follows: RUNX3, forward 5'-CAGAAGCTGGAGGACCAGAC-3' and reverse 5'-TCGGAGAATGGGTTCAGTTC-3'; and β-actin, forward 5'-CACGATGGAGGGGCCGGACTCATC-3' and reverse 5'-TAAAGACCTCTATGCCAACACAGT-3'. PCR products were separated in 1.5% agarose gel, stained with ethidium bromide and images were captured.
Statistical analysis.
All continuous values are expressed as the mean ± SD. Student's t-test was used for comparison of the values between two groups. SPSS 16.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. P<0.05 was considered to indicate a statistically significant difference.
Results
Effect of paeonol on proliferation in human colon cancer LoVo cells.
To determine the potential effect on cell growth, LoVo cells were treated with increasing concentrations of paeonol for various durations. The growth inhibition of LoVo cells was determined using the WST-8 assay. The amount of yellow formazan dye generated by dehydrogenase activity in the cells was directly proportional to the number of living cells in the culture medium. As demonstrated in Fig. 1 , paeonol significantly inhibited the proliferation of LoVo cells. The viability of LoVo cells treated with paeonol decreased in a dose-and time-dependent manner between 24 and 96 h incubation.
Effect of paeonol on the cell cycle in human colon cancer
LoVo cells. The G 1 /S transition is one of the two main checkpoints that regulate cell cycle progression and thus cell proliferation. In the present study, the effect of paeonol on the Fig. 2A ] i was revealed to be extremely low, while [Ca 2+ ] i in all the paeonol-treated groups (Fig. 4A-D) was increased after 48 h, in a concentration-dependent manner. FI values, obtained by LCSM, were consistent with these observations (P<0.05; Fig. 4E ). These results indicate that paeonol induces a dose-dependent [Ca 2+ ] i influx and may induce the apoptosis or necrosis that follows via calcium ion overload. 
Effect of paeonol on expression of RUNX3 in human colon
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To elucidate the interaction between RUNX3 and paeonol, LoVo cells were exposed to 0, 31.25, 62.5 or 125 mg/l paeonol for 48 h and the expression of RUNX3 was detected, as demonstrated in Fig. 5 . RUNX3 mRNA levels in cells treated with 31.25 mg/l paeonol were observed to be higher than those in the controls. Treatment with 125 mg/l paeonol led to a further increase, indicative of a dose-dependent increase in RUNX3 expression.
Discussion
Apoptosis is a physiological process that controls cell numbers and proliferation in order to maintain homeostasis in multi-cellular organisms (15, 16) . The balance between cell proliferation and apoptosis and cell cycle distribution are extremely important factors during the process of carcinogenesis in colon cancer (17) . Apoptosis, a highly regulated death process by which cells undergo inducible non-necrotic cellular suicide, is vital for anti-carcinogenesis (18) . Therefore, agents that facilitate apoptosis are likely to improve therapeutic efficacy. In the present study, paeonol was observed to inhibit the proliferation of LoVo cells in a dose-and time-dependent manner ( Fig. 1 ) and consistent results have been observed in other cancer cell lines (data not shown). Analysis of long-term cell viability also revealed that cytotoxicity levels were altered in a dose-dependent manner. Results from flow cytometry revealed that paeonol markedly decreased the percentage of S-phase cells, indicating that paeonol may suppress cell growth by blocking the cell cycle at the G 1 to S transition, which promotes apoptosis. To test this hypothesis, Annexin V/PI staining was performed and the results demonstrated that paeonol significantly induced apoptosis in LoVo cells (Fig. 3) . Additionally, our previous study showed that paeonol regulated the expression of Fas, Bcl-2, Bax and p53, leading to the induction of apoptosis (14) . These results indicated that paeonol may inhibit the proliferation of cultured LoVo cells by activating the apoptotic signaling pathway. In addition, the underlying mechanisms of apoptosis induction in LoVo cells were investigated. The [Ca 2+ ] i in LoVo cells was observed to be significantly increased when cells were cultured with paeonol at 31.25-125 mg/l (Fig. 4) . Ca 2+ ions are crucial in a number of physiological and pathological processes for the majority of cell types (19) . A rise in [Ca 2+ ] i is associated with various cellular functions, including proliferation, division, fertilization, movement and apoptosis (20) . It has been reported that increases in cytosolic Ca 2+ concentrations occur at the early and late stages of the apoptotic pathway (21, 22) . Ca 2+ overload has also been hypothesized to be the final common pathway for all types of cell death. In the present study, fluorescence microscopy revealed that the [Ca 2+ ] i FI of cells loaded with Fluo-3/AM in the control group was extremely low, while that in all the paeonol-treated groups was markedly increased in a dose-dependent manner. These results indicate that paeonol-induced increases in [Ca 2+ ] i play a pivotal role in eliciting early signals for triggering apoptosis.
Additionally, in the present study, paeonol was shown to promote the expression of RUNX3 in LoVo cells in a dose-dependent manner (P<0.05). RUNX3 (chromosome 1p36.1) belongs to the RUNX family of transcription factors (23) and has been reported to function as a tumor suppressor in various forms of cancer. RUNX3 is an important target of the TGF-β signaling pathway (24) and an inhibitor of the Wnt pathway (25, 26) . Previous studies have revealed that the central role of RUNX3 in tumor formation may be associated with its developmental significance (27, 28) . The major reason for the lost or decreased expression of RUNX3 is hypermethylation of the RUNX3 proximal promoter CpG island, which is involved in the formation of a number of cancer types, including breast (29) , gastric (30, 31) and colon cancer (32, 33) . The restoration of RUNX3 has been revealed to result in the marked suppression of tumor growth and metastasis by inducing cell cycle arrest, apoptosis and the downregulation of cyclinD1 expression in gastric cancer cell lines (34, 35) . In the current study, paeonol was shown to significantly upregulate the expression of RUNX3 in LoVo cells. FACS analysis indicated that paeonol blocked the cell cycle at the G 1 to S transition. Flow cytometry revealed that paeonol significantly induced apoptosis in LoVo cells. These results indicate that paeonol induces apoptosis by promoting the expression of RUNX3, which blocks the cell cycle at the G 1 to S transition and thus interferes with DNA synthesis.
In addition to increasing [Ca 2+ ] i , paeonol was shown to simultaneously upregulate the expression of RUNX3, indicating that these processes may be associated with the same apoptotic pathway. It has been reported that a rise in [Ca 2+ ] i is important for various biological responses, including gene transcription and apoptosis (36) . The restoration of Runx3, a tumor suppressor, may inhibit tumor growth and metastasis by the induction of cell cycle arrest and apoptosis. In the present study, [Ca 2+ ] i and the expression of RUNX3 were demonstrated to be positively correlated following paeonol treatment. Consequently, we hypothesized that [Ca 2+ ] i and RUNX3 may cooperate in inhibiting the proliferation of colorectal carcinoma cells and promoting apoptosis. More specifically, increased [Ca 2+ ] i causes apoptosis and the upregulation of RUNX3, and RUNX3 induces apoptosis and thus increases [Ca 2+ ] i . Based on results of the present study, paeonol exhibits a marked antitumor effect and one of the antitumor mechanisms of paeonol may be associated with apoptosis induction by increased [Ca 2+ ] i and the upregulation of RUNX3 expression. Additional studies are required to investigate the apoptotic mechanism of paeonol and its suitability as a novel strategy for the therapy of colon carcinoma.
